Cardiotoxicity due to administration of cancer therapeutic agents such as anthracyclines and herceptin are well described. Established guidelines to screen for chemotherapy-related cardiotoxicity (CRC) are primarily based on serial assessment of left ventricular (LV) ejection fraction (EF). However, other parameters such as LV volume, diastolic function, and strain may also be useful in screening for cardiotoxicity. More recent advances in molecular imaging of apoptosis and tissue characterization by cardiac MRI are techniques which might allow early detection of patients at high risk for developing cardiotoxicity prior to a drop in EF. This comprehensive multi-modality review will discuss both the current established imaging techniques as well as the emerging technologies which may revolutionize the future of screening and evaluation for CRC.
INTRODUCTION
Cardiotoxicity is an unfortunate but well-established adverse effect of various chemotherapeutic agents, particularly anthracyclines and herceptin. Anthracyclines are used regularly in chemotherapeutic regimens to treat a variety of malignancies, including leukemia, lymphoma, neuroblastoma, sarcoma, ovarian cancer, breast cancer, and gastric cancer. While the exact mechanism of anthracycline-related cardiomyopathy (ARC) is poorly understood, a commonly accepted theory involves myocardial damage caused by mitochondrial injury and free radical formation. 1, 2 The risk of cardiomyopathy increases with a higher cumulative anthracycline dose: 3% with dose of 400 mg/m 2 , 7% for a dose of 550 mg/m 2 , and 18% for a dose of 700 mg/ m 2 . 3 However, there are patients who received doses exceeding 1 g/m 2 who did not develop cardiomyopathy, which implies that there are clearly other factors involved. It is possible that patients metabolize the drugs differently, with some being more sensitive to the generation of anthracycline-induced free-radical formation than others. 4 Many patients receive additional agents, such as taxanes, which are known to increase production of toxic anthracycline metabolites. 5 Radiation therapy may also increase the incidence of ARC. 6, 7 Many patients with invasive breast cancer that overexpresses the human epidermal growth factor (HER-2) receptor receive regimens that include herceptin, a monoclonal antibody targeting the HER-2/neu receptor. The role of herceptin in the development of heart failure has not been elucidated, however, the loss of protective HER-2-mediated signaling pathways in response to stress 8 may sensitize the myocardium to cellular injury from anthracyclines, 9 as a higher incidence of cardiomyopathy was observed in regimens that involved concurrent herceptin and anthracycline administration compared to those receiving herceptin after completing anthracycline treatment (27% vs 7%, respectively). 10, 11 The prevalence of clinical heart failure was initially reported to be 2.2% in a large retrospective analysis of over 4,000 patients who received anthracycline-based chemotherapy with a mortality of 71% attributed to heart failure. 3 However, that study was performed in 1979, prior to the widespread use of modern heart failure medical therapies and the implementation of routine screening for left ventricular (LV) dysfunction prior to and after dosing anthracyclines. A more recent long-term follow-up study of patients who received anthracyclines suggests that prior studies may have underestimated the number of patients developing heart failure, as they observed a 63% prevalence of LV dysfunction after more than 10 years of follow-up for those who received more than 500 mg/m 2 cumulative dose, in contrast to an 18% prevalence in those who had received less than 500 mg/m 2 . 7 Perhaps more concerning is that up to half of patients who develop LV dysfunction after receiving an anthracycline and/or herceptin may not be on medical therapy or have even had a cardiology consultation. 12 Although treatment of anthracycline-induced cardiomyopathy with carvedilol and enalapril has shown some promise in small studies, [13] [14] [15] 45% of patients have no improvement in LV function with medical therapy. 16 Conversely, cardiotoxicity due to herceptin is considered to be reversible if a prompt diagnosis is made, with discontinuation of herceptin and initiation of medical treatment for heart failure. 17 A scheme for classification of cardiotoxicity based on differences in underlying mechanism and reversibility has been developed (Table 1) . 18 Thus an early diagnosis of cardiotoxicity and the ability to predict which patients are more likely to suffer cardiotoxicity are important for preventing chronic heart failure in patients receiving these agents.
IMAGING TO DETECT CARDIOTOXICITY
The current guidelines for monitoring patients receiving anthracyclines proposed by Schwartz et al in 1987 19 recommends obtaining a baseline ejection fraction (EF) by equilibrium radionuclide imaging, with subsequent imaging studies before consideration of any additional doses and specific criteria for drug discontinuation based on interval change in LV function ( Figure 1 ). In patients with a normal resting EF [ 50%, a drop in LVEF of[10% or to\50% is considered an indication for discontinuation of these agents. In patients with a baseline resting EF \ 50%, the agent should be discontinued for a 10% drop in EF or a drop to \30%. While currently the clinical standard of care, assessment of LVEF or a drop in LVEF has limited ability to predict patients at risk for CRC. Resting EF by equilibrium radionuclide imaging has a sensitivity of only 53% for predicting patients considered moderatehigh risk by myocardial biopsy/right heart catheterization criteria for developing heart failure with additional doxorubicin administration. 20 Furthermore, higher biopsy grades were observed in patients with normal EF by ERNA or echocardiography who received even moderate cumulative anthracycline doses. 21 Because serial myocardial biopsy is not feasible to perform routine screening for CRC, improved non-invasive imaging techniques to identify patients with early signs of cardiotoxicity and to identify patients at high risk for developing CRC are needed. Beyond measuring resting EF, most non-invasive imaging techniques can assess change in diastolic function or LV volumes which typically precede overt drops in EF. The addition of biomarkers to LVEF measurement in screening for cardiotoxicity is still not established. An increase in troponin after anthracycline chemotherapy has been shown to predict those with a larger and sustained drop in LVEF compared to those without troponin rise. 22 However, subsequent studies have failed to demonstrate a correlation between troponin rise and anthracycline or herceptin administration. 23, 24 Interestingly, an increase in pro-BNP occurs early after anthracycline administration, but is not predictive of future LV dysfunction. 24 In addition to assessing LV function, newer noninvasive methods such as cardiovascular magnetic resonance (CMR) enable imaging of myocardial edema, inflammation, and fibrosis which may provide more specific information about myocardial injury in CRC. Targeted molecular imaging with SPECT, PET, or MRI may be able to detect cell death due to doxorubicin 25 and to detect subclinical cardiotoxicity.
With more than 190,000 new diagnoses of invasive breast cancer estimated in 2009, 26 as well as the FDA's expansion of prescribing guidelines for herceptin to include patients with early stage breast cancer, there will likely be an increase in the number of patients presenting with CRC. The updated guidelines provided by the manufacturer of herceptin recommend baseline evaluation of LV function, followed by repeat imaging every 3 months while on treatment, and every 6 months for the immediate 2-year period after completing the regimen.
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Improved methods to identify patients at high risk for CRC as well as a more collaborative approach between oncology and cardiology are needed. This multi-modality review will discuss both the current established imaging techniques as well as the emerging technologies which may revolutionize the future of screening and evaluation for CRC.
RADIONUCLIDE IMAGING
For serial measurements of LVEF, quantification by equilibrium radionuclide angiocardiography (ERNA) is more reproducible than echocardiographic visual assessment, 28 and has long been considered the gold-standard for CRC screening. Perhaps the single largest study involving monitoring for CRC involved serial ERNA or single-photon emission computed tomography (SPECT) in 1,487 patients receiving doxorubicin. 19 Using this method of screening, 19% of patients will be at high risk for developing cardiotoxicity (defined as a baseline LVEF \ 50%, a drop in LVEF by C10% to a value \50%, cumulative doxorubicin dose C450 mg/m 2 ). Among those at high risk for developing cardiotoxicity, those who developed clinical heart failure had a greater absolute drop in LVEF compared to those who did not (mean drop in LVEF 23% ± 14% vs 12% ± 10%). 19 A more recent study demonstrated that 16% of patients receiving doxorubicin will be deemed at risk at some point during their therapy. 29 Furthermore, implementation of ERNA screening led to early discontinuation of treatment in 13% of patients due to criteria for cardiotoxicity, the majority of whom were asymptomatic. This highlights the importance of routine screening, as many patients will demonstrate signs of cardiotoxicity by a drop in LVEF the absence of heart failure symptoms. The problem with relying on resting LVEF alone is that many patients will develop histological evidence of anthracycline-related changes without resting LV dysfunction. 21 The addition of exercise LVEF to rest LVEF for diagnosing patients at high risk for CRC according to endomyocardial biopsy grade increased sensitivity from 58% to 100%, however, this was accompanied by a drop in specificity. 20 While the addition of exercise EF may identify at risk patients who might be missed, there have been no large-scale studies in this population demonstrating whether the routine addition of exercise ERNA to screening would be cost-effective, alter dose recommendations of chemotherapeutic regimens, and not lead to additional unnecessary testing in patients with false-positive findings. Furthermore, the observation that resting LVEF had such a low sensitivity in identifying high-risk histology patients raises the question whether resting LVEF alone is truly the optimal measurement to base therapeutic decisions.
In addition to changes in systolic function, ERNA can provide information regarding diastolic function by generating count-time curves (Figure 2) . 31, 32 Theoretically, diastolic abnormalities should occur prior to a drop in LV systolic function, due to alterations of intracellular calcium handling 33 or increased coronary resistance resulting in acute elevations in LV enddiastolic pressure after exposure to anthracyclines. 34 The diastolic parameters that can be obtained by RNA include peak filling rate (PFR) expressed as end diastolic volume/s and the time to PFR (TPFR) expressed in milliseconds, which are age dependent. 32, 35 A significant decrease in PFR occurs 1 month after starting treatment with anthracyclines, but is still within the normal range PFR [ 2.5. However, this correlates with a simultaneous decrease in LVEF (also still within normal range), suggesting that the same underlying process impairs both systolic and diastolic functions. 35 There have been recent advances in nuclear imaging using molecular targets to visualize effects of chemotherapeutic agents on the myocardium. The integrity of the cardiac sympathetic nervous system can be assessed with Iodine-123-metaiodobenbenzylguanidine ( 123 I-MIBG), an analogue of norepinephrine. 36 The ratio of heart to mediastinal (H/P) 123 I-MIBG uptake is decreased and washout delayed in heart failure patients when compared to normal controls, and decreases with worsening NYHA class. 37 Abnormal 123 I-MIBG uptake occurs in patients receiving anthracyclines, 38 with significantly lower H/P ratios observed with higher cumulative anthracycline dose (Figure 3) . 39, 40 Although a drop in H/P ratio among those receiving higher cumulative doses precedes a drop in LVEF, abnormal uptake in patients receiving low-to-medium anthracyclines also occurs. 40 This may be a promising method to detect early anthracycline injury; however, further studies are needed to quantify what interval decrease in uptake portends excessive risk of future LV dysfunction with or without continued treatment, and whether this method is applicable at lower cumulative doses.
Herceptin labeled with 111 Indium has been used to image metastatic breast cancer expressing the HER-2/ neu receptor. 41, 42 A small case series of 20 patients with metastatic breast cancer expressing the HER-2/neu receptor demonstrated that 35% of patients had evidence of myocardial 111 In-traztuzumab ( 111 In-TZ) uptake (Figure 4 ), prior to administration of any chemotherapy; 86% of those patients with tracer uptake developed clinical heart failure, whereas none of the patients without uptake had adverse cardiac events. 43 Similarly, all the patients who had tumor tracer uptake had response to treatments including herceptin. These findings demonstrate the potential for targeted radionuclide imaging in weighing risks of treatment with herceptin against likelihood of benefit. In subsequent studies involving patients with HER-2 positive breast cancer who were imaged after receiving herceptin ± paclitaxel or an anthracycline, there fewer patients with myocardial 111 In-TZ uptake, and the predictive value of myocardial uptake on the development of heart failure was poor. 44, 45 This may be due to inherent variations in myocardial expression of HER-2 prior to and during the course of chemotherapy. Larger studies are needed to define what baseline levels of HER2 expression and effects of herceptin and other agents have on development of early and late cardiac events.
POSITRON EMISSION TOMOGRAPHY (PET)
The utility of PET imaging in cancer patients has focused on diagnosis of metastatic lesions and response to chemotherapy. However, fluorine-18-fluorodeoxyglucose (FDG) PET imaging can be useful in diagnosing and monitoring response to treatment of primary cardiac lymphoma, which will be apparent as hypermetabolic areas within the myocardium, 46 ,47 FDG-PET has also been able to evaluate for metastatic pericardial involvement. 48 There has been limited investigation applying cardiac PET to monitor for ARC in humans. In patients receiving adriamycin, there has been no early or late change in uptake of carbon-11 acetate, a tracer which is a marker for both myocardial blood flow and an indicator of oxidative metabolism through the TCA cycle. 49 However, a preliminary study in rats demonstrated decreased myocardial uptake of b-adrenergic antagonist [ 3 H] CGP12177 in the septum and free wall 3 weeks after treatment with adriamycin. 50 It is unclear whether b-receptor density is a good surrogate marker to predict anthracycline cardiotoxicity in humans.
ECHOCARDIOGRAPHY
Perhaps the most readily available modality for assessment to screen for cardiotoxicity with serial measurements of LVEF, echocardiography can provide supplemental information that cannot be obtained from SPECT, such as evaluation for valvular disease or pericardial constriction, which are known adverse effects of mediastinal radiation. Recently, a restrictive cardiomyopathy with endocardial calcification has been described by echocardiography in a patient who received an anthracycline-based regimen in childhood who was subsequently referred for orthotopic heart transplant ( Figure 5) . 51 In addition, new-onset mitral regurgitation and papillary muscle dyssynchrony has also been described during treatment with herceptin. 52 Thus, echocardiographic screening identifies other cardiac effects of cancer treatment, including valvular disease and pericardial constriction, cannot be evaluated by SPECT. While the accuracy of LVEF measurement by echo has been validated against SPECT and CMR, unenhanced echocardiography tends to underestimate LVEF when compared to contrast echocardiography or against MRI and SPECT. 12, 53 In patients with inadequate acoustic windows, using contrast echocardiography might increase accuracy of LVEF measurements, as it has been shown to improve the percentage of correct classification of LVEF (normal, mild-moderately reduced, or severely reduced) when compared to CMR measurements of LV volume. 54 Using 3D echo volumes to calculate LVEF may also improve accuracy and reproducibility, 55 but has not yet been specifically studied for cardiotoxic screening and is not readily available in all laboratories.
As the assessment of LVEF is used as a major guide for determining further therapy, it is important to ensure that physicians skilled in echo interpretation are assessing the images. For example, LVEF measurements obtained from four serial 2D exams performed on healthy volunteers within a 24-hour period varied more when a read by a single unblinded sonographer site reader as compared to a single-blinded physician reader in a core lab (intraobserver variability 19.9% vs 5.5 %). 56 This underscores the need for rigorous review of how serial LVEF measurements are performed in individual centers and raises the question whether blinding of echo readers would help decrease variability in LVEF measurements, especially in the case of cardiotoxicity screening where clinical decisions regarding some chemotherapy regimens hinge on criteria for LV function. 19 Furthermore, in heart failure patients, there is significant variation among measurements of LVEF by various methods (M-mode, 2D Simpson's biplane, and Teicholtz), while 2D Simpson's biplane has the best correlation with CMR in this population. 57 For some patients receiving anthracyclines, a decline in systolic function may occur, but the LVEF may still be within the ''normal'' range. 24, 35, 58, 59 Accordingly, there has been interest in finding other echocardiographic parameters which may be of use in detecting subclinical myocardial dysfunction preceding a drop in LVEF to the abnormal range. Diastolic abnormalities including decreased E/A ratio and increased Tei index have been described in adults after receiving anthracycline. 29 In pediatric malignancy survivors who received anthracyclines, an increased E/e 0 and reduced myocardial performance index has been observed as compared to normal controls. 60 However, these differences in diastolic parameters noted in patients were still within the normal range. In addition, the correlation between resting diastolic abnormalities after anthracycline treatment and future reduction in LV systolic function is weak. 61 Evaluation for contractile reserve using stress echocardiography can provide important prognostic information in conditions such as severe aortic stenosis, 62 but its role in routine screening for LV dysfunction in chemotherapy patients is unclear. In asymptomatic pediatric survivors of malignancy who were treated with relatively low cumulative doses of anthracyclines, increase in LVEF and end-systolic stress-volume index with exercise stress was less pronounced in these patients as compared to gender and age-matched healthy controls,. 63 In adults, a change in contractile reserve after anthracycline administration has not been consistently observed, however, a decrease in stress peak E velocity and E/A ratio does occur, and may be a marker of subclinical cardiotoxicity in those with normal LV function after receiving chemotherapy. 58, 64 More novel techniques such as strain imaging with 2D echocardiography has been used to detect subclinical Figure 5 . A Four-chamber echocardiographic image demonstrating subendocardial LV calcification (arrows) with corresponding to calcification seen on gross specimen after orthotopic heart transplant (B). Masson's trichrome staining (C) demonstrates fibrosis of the endocardium and myocardium (blue stain). Images reproduced with permission 51 .
LV dysfunction and has demonstrated predictive value in disease states such as cardiac amyloidosis, 65 hypertrophic cardiomyopathy, 66 as well as determining viability prior to revascularization in patients with CAD. 67 In a cohort of asymptomatic survivors of pediatric malignancy, strain and strain rate were decreased when compared with normal controls. 68 The use of this technology to monitor for subclinical dysfunction during chemotherapy treatment shows promise. In a prospective study of patients receiving herceptin, a decrease in global longitudinal and radial strain but not LVEF was observed as early as 3 months in patients who later developed cardiotoxicity. 23 Strain rate also decreased in half of patients receiving herceptin; however, only 16% of those with a decrease in strain rate had a drop in EF C 10%. 69 Similarly, in a pilot study of elderly female patients receiving anthracyclines for breast cancer without significant cardiac comorbidities, there was no change in LVEF, however, a significant drop in peak longitudinal systolic LV strain occurred after six cycles of chemotherapy, with mean values below that of normal for age and gender ( Figure 6 ). 70 Although these findings suggest strain and strain rate as useful parameters that could be performed with echocardiographic screening for cardiotoxicity, it should be used with caution in patient with comorbidities such as obesity, 71 other cardiac conditions such as valvular disease, 72 infiltrative disease, 73 LV hypertrophy, 74 and myocardial infarction, 75 all of which can impact LV strain. Age and gender also should be taken into consideration when interpreting strain values. [76] [77] [78] Another limitation of echocardiographic strain imaging is a dependence on adequate 2D acoustic windows to track endocardial borders for high fidelity measurements. Furthermore, strain analysis is typically performed off-line and requires experienced echocardiographers to interpret.
CMR IMAGING
CMR is recognized by the ACC/AHA as method to screen for CRC. 79 However, it is less widely used for routine screening for CRC, in part likely due to more widespread availability of echocardiography and SPECT. However, there are some potential advantages of CMR. Particularly in obese patients for whom echocardiography yields suboptimal images, CMR is an excellent modality for obtaining accurate serial measurements of LV function, and is considered the gold standard for measuring LV function. 80 CMR has the potential to demonstrate subclinical myocardial changes prior to the onset of LV dysfunction. CMR has the unique ability to detect myocardial edema which may be seen in acute myocardial injury. Increased signal in the myocardium on T2-weighted (T2-W) images has been described in the presence of acute myocardial inflammation and injury, as in myocarditis and myocardial infarction or stress-induced cardiomyopathy, [81] [82] [83] but T2-W imaging in CRC has not been evaluated clinically. While standardization of T2-W imaging among centers is still needed to ensure fidelity and reproducibility of abnormal T2-W findings, further research is needed to determine whether myocardial edema is of value in identifying high-risk patients prior to receiving chemotherapy as well as monitoring for cardiotoxicity.
As coronary artery disease and prior MI increases the risk for developing CRC, 84 CMR might detect occult subendocardial infarcts that would otherwise be missed by SPECT imaging 85 and be too small to manifest as a regional wall motion abnormality on 2D echocardiography. In addition to imaging infarct, characteristic patterns of focal or linear mid-myocardial delayed enhancement (DE) CMR in the presence of myocarditis have been described. 86 A similar pattern of mid-myocardial delayed enhancement was observed in 10 breast cancer patients treated with an anthracycline and herceptin who were diagnosed with CRC ( Figure 7) . 87 All these patients with focal myocardial delayed enhancement had already developed LV dysfunction.
Myocardial T1 mapping is a new technique which uses T1 relaxation times to calculate the volume of distribution (V d ) of gadolinium contrast in myocardium, a measure which is increased in the presence of diffuse myocardial fibrosis or infiltrative disease. 88, 89 T1 mapping may prove to be a useful method to identify patients at risk for cardiomyopathy, as discrete areas of fibrosis as seen on DE CMR images may be a late finding, and therefore not useful in detecting early signs of cardiotoxicity. In a cohort of 13 young adults who received anthracyclines as part of their cancer treatment and have achieved remission and have normal LV function, increased fibrosis was associated with increased LV volume, however, there was no correlation between anthracycline dose and degree of fibrosis. 90 In adults, a pilot study has demonstrated that patients with significantly increased myocardial signal intensity on post-contrast T1-weighted images obtained within 3 days after the first anthracycline infusion have a significant decrease in EF on day 28 after starting chemotherapy. 59 Larger-scale studies in patients receiving cardiotoxic chemotherapeutic agents are still needed to determine whether there is a threshold for myocardial T1 or V d beyond which there is increased risk for developing LV dysfunction. Correlating these MRIderived measurements with cumulative doses of chemotherapy administered might demonstrate that some patients are at excess risk after receiving relatively lower doses. Similarly, others may be at low risk even with higher doses and might be able to safely receive more aggressive regimens.
The presence of myocardial fibrosis identified by DE CMR has demonstrated prognostic value in CAD, 91 as well as other myocardial diseases such as HCM, amyloidosis, sarcoidosis, and aortic stenosis. [92] [93] [94] [95] [96] CMR studies in larger populations of patients receiving potentially cardiotoxic agents are needed to see whether the presence of LGE can identify patients who are at higher risk and may benefit from more frequent and long-term follow-up.
MOLECULAR IMAGING OF APOPTOSIS
Molecular imaging agents targeting annexin A5 to detect apoptosis have been developed for multiple imaging modalities including SPECT, echo, and CMR. Non-invasive imaging using 11 In or 99m Tc-labeled annexin A5 has been used to monitor response of tumors to treatment, as annexin A5 binds to phosphatidylserine, a cell membrane phospholipid which is exposed during apoptosis. 97, 98 There has been interest in using annexin as a target to image apoptosis in the myocardium as an indicator of anthracycline-induced cardiotoxicity. Increased binding of annexin-labeled microbubbles to the myocardium in rats treated with doxorubicin has been demonstrated using echocardiography. 99 Similar results have been shown using 99m Tcannexin, with a significant correlation between increasing myocardial uptake of tracer with higher cumulative doses of anthracycline. 100 More recently, a molecular MRI probe has been developed to be used with T2* imaging, a technique which has been used clinically to quantify myocardial iron stores in disease states such as hemochromatosis and thalessemia, where regions containing increased iron will have decreased signal when compared to normal myocardium. 101, 102 This new probe contains superparamagnetic iron oxide conjugated to recombinant human annexin, and has demonstrated diffuse myocardial signal loss when used to image rats treated with adriamycin, indicating areas of adriamycininduced apoptosis by MRI. 103 The development of a molecular target like annexin which can be used screen for CRC with all three modalities is attractive, as individual patients may be better suited to different imaging techniques.
CONCLUSION
Given recent advances in non-invasive cardiac imaging to screen for CRC over the last decade, there is a critical need to re-evaluate the current reliance on LVEF in determining which patients are at high risk for developing cardiomyopathy. The yearly cost of caring for a patient with heart failure due to CRC is offset several times over by the cost of screening an at-risk population by ERNA. 29 Screening in a population without established risk factors for CRC is not costeffective 104 ; however, more sensitive methods have since been discovered for identifying at-risk patients.
As there are strengths and weaknesses of ERNA, echocardiography, and CMR, the future of screening will likely involve an algorithm which includes one or more testing modality to risk stratify prior to and shortly after starting chemotherapy, and subsequently tailored to the patient based on initial risk assessment, chemotherapeutic regimen, and cumulative dose administered. The cost-effectiveness of a multi-modality approach has yet to be performed; however, there is still room for further investigation, particularly in the field of CMR and development of molecular imaging agents to target doxorubicin and herceptin-mediated cell damage. 
